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ABSTRACT

Science and technology (S&T) involves a broad community of investors, sponsors, investiga-
tors, adopters, and end-users. This wide range of stakeholders adds value in a variety of ways,
resulting in what are termed value streams. This article focuses on elaborating and formalizing
S&T value streams. This formulation is evaluated in the context of a case study of computer-
based intelligent tutoring systems. The value streams identified in this context span several
decades of S&ET investments, R&D in numerous organizations, and deployments in a variety
of school settings. Insights gained from this case study enable proposing a general model of
value creation in S&ET. The phenomena embodied in this model suggest several central
hypotheses. Approaches to evaluating these hypotheses are discussed. © 2003 Wiley Peri-
odicals, Inc. Syst Eng 6: 76-91, 2003
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strategies [Rouse and Boff, 2001]. Key to this frame-
work is the concept of value streams. Our goal in this
article is to formalize the notion of value streams and
illustrate this representation for a particular case study.

Value is defined by the Merriam-Webster Collegiate
Dictionary as relative worth, utility, or importance; the
monetary worth of something, i.e., its marketable price;
and a fair return or equivalent in goods, services, or
money for something exchanged. These definitions are
compatible with the construct of value streams articu-
lated here.

Beyond defining value, it is important to describe the
characteristics of value as provided by organizations:

e Value focuses on organizational outputs (or out-
comes), rather than inputs.

e Value relates to benefits of outcomes, rather than
outcomes themselves.

e Value implies relevant, usable, and useful out-
comes.

This article focuses on value creation in science and
technology (S&T). Our definition of S&T includes the
whole community of investors, sponsors, investigators,
adopters, and end-users. Research and development
(R&D) denotes one of the classes of activities within
broadly-defined S&T. As is very clear from the case
study reported in this article, value is created in S&T by
many more activities than just R&D. Upstream formu-
lation and management of balanced investment portfo-
lios and downstream management of technology
transition are particularly notable examples of other
value-creating activities.

S&T outcomes have traditionally been characterized
in terms of technologies developed and deployed. For
some types of enterprises, deployment implies new
processes and products that yield profits, which may be
due to increased prices, decreased costs, and/or in-
creased revenues. To the extent that the time series of
likely profits and required investments can be projected,
value can be monetized in terms of the net present value
of this time series.

The difficulty with this approach is that technology
deployment often involves downstream decisions that
are contingent on conditions at the time when decisions
are made. Further, technologies may not be deployed
for market and/or competitive reasons, independent of
the success of the R&D efforts associated with these
technologies. For these reasons, we have often found it
useful to characterize S&T outcomes in terms of the
number of viable “technology options” created. Tech-
nology options can be described as valid fundamental
knowledge, translated into usable forms, and provided
in useful manners.

The value of technology options can be assessed
using option pricing models [Rouse et al., 2000]. The
free cash flow projections needed as inputs to these
models can be profits or cost savings, the former pri-
marily meaningful for private sector enterprises and the
latter usually meaningful for all enterprises. For public
sector enterprises, it is also possible to view increased
tax receipts as the cash flow resulting from increased
investments, e.g., in training and education, as dis-
cussed in this article.

Thus, overall value includes both economic value—
expressed in terms of the discounted cash flow of near-
term benefits—and the strategic value of technology
options that provide, at the very least, hedges against
possible futures [Boer, 2002]. While this article does
not focus on the monetization of value, it is important
to indicate how this can be done.

Enhancing value requires consideration of the proc-
esses whereby value is provided to stakeholders. The
flows of value added by processes can be termed value
streams. Understanding and managing these value
streams involves assessing how current processes do or
do not add value, and redesigning processes to insure
that the value/cost proposition for each process makes
sense. Assessment and redesign usually lead to reallo-
cations of resources to activities and projects that will
enhance value.

Our earlier paper characterized value strategies us-
ing the dimensions of quality, productivity, and innova-
tion. Quality traditionally relates to the reliability, fit
and finish, etc. of products and responsiveness, friend-
liness, etc. of services. Productivity concerns efficient
use of resources that enables lower costs and attractive
prices. Innovation deals with the extent to which offer-
ings provide new and possibly unique benefits. Value
strategies are intended to increase value, which can be
monetized as discussed earlier.

The dimensions of quality, productivity, and innova-
tion also apply to S&T. Quality relates to readiness for
technology transition in terms of technology maturity
and reliability, availability of test results and documen-
tation, etc. Productivity concerns the efficiency of re-
source utilization relative to creating S&T outcomes in
timely manners. Innovation ranges from incremental to
disruptive technologies, which relates to levels of risk.
Risks tend to increase costs—to assure acceptable lev-
els of success—but high productivity can mitigate
against such consequences.

In general, an S&T value strategy—in terms of
quality, productivity, and innovation—should dovetail
with the overall enterprise’s value strategy. This is par-
ticularly true for innovation. Productivity is more likely
to be inherently aligned because of the extent of cost
sensitivity in the enterprise’s culture, policies, and pro-
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cedures. There may be less enterprise-wide uniformity
in quality—for example, high quality process technolo-
gies may be needed to yield undifferentiated product
quality at very low costs.

Formulation and implementation of value strategies
are addressed in some depth in the earlier article [Rouse
and Boff, 2001]. This includes a somewhat detailed
treatment of the dimensions of quality, productivity, and
innovation. While we will do not revisit this material
here, we did employ these three dimensions as key
elements of one of the interview questions in the case
study reported below. Thus, we return to these dimen-
sions in discussing the results of the case study.

This article focuses on elaborating and formalizing
the notion of value streams. This formulation is evalu-
ated in the context of a case study of computer-based
intelligent tutoring systems. The value streams identi-
fied in this context span several decades of S&T invest-
ments, R&D in numerous organizations, and
deployments in a variety of school settings. Insights
gained from this case study enable proposing a general
model of value creation in S&T. The phenomena em-
bodied in this model suggest several central hypotheses.
Approaches to evaluating these hypotheses are dis-
cussed.

2. VALUE STREAMS

Our pursuit of the value construct began with explora-
tions of cost/benefit analysis for R&D investments
[Rouse, Boff, and Thomas, 1997; Rouse and Boff,
1999]. These explorations included broader considera-
tion of R&D/technology management [Rouse and Boff,
1998], as well as more focused topics such as knowl-
edge mapping [Rouse, Thomas, and Boff, 1998] and
option pricing models for valuation of technology in-
vestments [Rouse et al., 2000]. These efforts culmi-
nated in the more recent work on value strategies
[Rouse and Boff, 2001].

Most recently, it has become apparent that the value
construct should be formalized. In particular, it is useful
to have an agreed-upon representation of value streams
to assure that all key elements are considered, as well
as enable agreement on standard terminology. Indeed,
terminological ambiguity often causes useful con-
structs to be adopted more slowly than otherwise pos-
sible. The representation proposed here hopefully
mitigates these difficulties and also provides insights
into how value streams can be dysfunctional.

An agreed-upon representation can also be invalu-
able for organizational design and redesign. The initial
steps include mapping and assessing the value flow in
an organization. Subsequent steps often focus on redes-

igning the organization to enhance value flow. In later
discussion of a generalized model, several types of
enhancements are noted.

Value streams are composed of process stages where
value is added. Each stage can be represented as shown
in Figure 1. Stages receive inputs from upstream users
and provide outputs to downstream users. Adding value
consumes resources and is influenced by various con-
trols. Lack of resources and controls tends to undermine
value.

Stages can be connected in series and/ or parallel to
depict overall value streams as illustrated in Figure 2.
Upstream users may provide direct inputs to down-
stream users—for instance, in terms of technology
options—or possibly provide controls or resources as
shown in Figure 2. For example, a procurement plan-
ning activity occurring in parallel with S&T may enable
downstream transition of the outputs of S&T to fielded
solutions.

End users, and other intermediate users, influence
stages via controls by requesting and/or approving the
activities associated with a stage or, at least, the prod-
ucts expected of a stage. Events such as unexpected
breakthroughs or demands can also exert control. Such
breakthroughs may, for example, provide new bench-
marks for innovation, effectively redefining that dimen-
sion of value.

Stages consume resources including the people as-
sociated with the stage, budgets, and facilities. Stages
also consume knowledge, which may or may not be
available, and may or may not come from other users
in the value stream. Finally, stages consume time, both
for performing the activities associated with a stage and
while waiting for resources (e.g., budget or knowledge)
and controls (e.g., approvals).

Controls:

o Requests
o Approvals
o Events

Last Next
User Nth Stage User

Resources:

o Human

o Financial

o Physical

o Knowledge
o Time

Figure 1. Representation of a stage of a value stream.
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Figure 2. Example value stream.

As noted earlier, value streams can be evaluated in
terms of quality, productivity, and innovation. An over-
all S&T value stream—or any stage of a value stream—
can yield less than maximum value by, for instance,
creating poorly documented research results (poor
quality), requiring investments for which the returns are
inadequate (poor productivity), and/or producing the
“same old stuff” which downstream users find decreas-
ingly useful (lack of innovation).

Value streams can be dysfunctional for structural
reasons also. In particular, controls and resources can
be “miswired,” creating delays and inefficient uses of
resources. For example, follow-on procurements may
be delayed. As another example, human resources may
not be available when needed. The case study reported
here exhibits aspects of these problems.

Beyond stage and structural inadequacies, value
streams may lack adequate feedback control systems
for adapting the flow of value to changing environ-
mental conditions. For example, end users and/or their
priorities may change. Technology generations may
change or breakthroughs occur. The feedback system
should be able to adjust controls and thereby allocations
of resources in response to such changes.

Thus, we can assess the processes and structures
underlying value streams in terms of:

e Quality, productivity, and innovation of stages,
individually and collectively.

e Existence and timing of structural relationships
necessary to enable stages to deliver quality, pro-
ductivity, and innovation.

e Existence, flexibility, and adaptivity of feedback
control systems in response to environmental
changes.

Inadequacies in any of these areas can lead to low
yield, late delivery, and excessive investments, any of
which can culminate in decreased economic and/or
strategic value. At the very least, redesign of value

streams, and perhaps the overall organization, should
enable the same yield, faster and cheaper.

It is important to note that the value stream construct
just outlined is not dissimilar from related systems
engineering concepts. Indeed, the idea of a value stream
is borrowed directly from work in lean thinking
[Womack and Jones, 1996; Kessler, 1999]. Life cycle
systems engineering models [Sage, 1995, Patterson,
1999] and IDEF models [Sage, 1995; Kusiak and Lar-
son, 1999] can also be used to depict value streams. In
fact, there is a rich heritage of systems-oriented repre-
sentations of relationships, feedback, uncertainty, and
so on that Figures 1 and 2 draw upon [Sage and Rouse,
1999].

The following case study illustrates the use of the
representation of value streams just outlined. The re-
sults of this case study also enable identifying potential
general characteristics of S&T value streams that both
offer explanations of past shortfalls in value and suggest
mechanisms for avoiding such difficulties.

3. CASE STUDY

Two criteria were primary in selecting a domain for this
case study. First, the domain had to be readily under-
standable by a wide range of readers, as well as work-
shop participants where this material is to be employed.
This eliminated a wealth of esoteric military technolo-
gies that only specialists would fully understand. Of
course, information on the evolution of such technolo-
gies would have been quite difficult to access.

The second criteria was that S&T activities in the
domain had to be traceable from basic research to
applied development and deployment. Further, obvi-
ously, we had to be able to identify and access informa-
tion on the flow of value across the stages of the value
stream. Such information would inevitably cover many
decades of activities and outcomes.

Training in general, and Intelligent Tutoring Sys-
tems (ITS) in particular, satisfied these two criteria.
Beyond being readily understandable, the evolution of
ITS started with many years of basic research in psy-
chology, education, and computing. More recently, ap-
plied research has paralleled the basic research,
especially as computing has become less expensive and
more pervasive. Most recently, advanced development
and deployment have been the foci. The following
sections outline this evolution.

It is important at the outset to note that the idea of
using computers to deliver instruction has been ex-
plored for several decades, with sponsorship most no-
tably from the National Science Foundation (NSF), the
military service research agencies—Air Force Office of
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Scientific Research (AFOSR), Army Research Institute
(ARI), and Office of Naval Research (ONR)—and the
Defense Advanced Projects Research Agency
(DARPA).

3.1. Behavioral Science Foundations

The approaches adopted for these efforts paralleled
developments in behavioral science which, naturally,
strongly influenced views of learning and hence in-
struction. The behaviorism of Watson [1914] and, more
importantly, Skinner [1938] emphasized the rote learn-
ing of stimulus-response rules. This paradigm placed
off limits whatever happens in people’s heads.

The emergence of cognitive psychology, perhaps
best typified by Miller’s classic paper [1956] on “the
magic number seven,” advocated an information proc-
essing view of human performance and researched the
nature of human information processing. More re-
cently, cognitive constructs such as “mental models”
have been invoked to explain people’s abilities to an-
ticipate and explain [e.g., Rouse and Morris, 1986].
Computer-based instruction, in this paradigm, could be
used to create and enhance mental models.

Mathematical psychology attempted to bring the
formalism of equations to understanding human learn-
ing, decision making, and problem solving [e.g., Krantz
et al., 1974]. Some of this work focused on learning of
mathematics, e.g., logic. This provided a fertile area for
study of computer-based approaches to mathematics
instruction [Suppes, 1981].

Newell and Simon [1972] pioneered cognitive sci-
ence and an information processing paradigm based on
“production systems,” sets of if-then rules hypothesized
to underlie human problem solving. Computer-based
instruction thereby involved fostering learning of ex-
perts’ production rules, which enabled attaining expert
performance. Cognitive science provides the underpin-
nings for Intelligent Tutoring Systems, the focus of the
case study reported here.

3.2. Instructional Systems

The paradigm of behaviorism strongly influenced how
learning was viewed and, hence, instruction considered.
Human performance was seen as focused on task per-
formance in terms of explicit procedures for the steps
associated with tasks. Instructional System Design
(ISD) became the favored methodology for assuring
that people learned tasks, steps, and procedures [e.g.,
Gagne and Briggs, 1974]. ISD focuses on defining
learning objectives and target behaviors, as well as
approaches to instruction.

Computer-based instructional systems developed at
that time included embedded training for the Air Force’s

SAGE system—called the System Training Program
[Rowell and Streicht, 1964 ]. Also in that time frame was
the University of Illinois® PLATO system [Bitzer,
Braunfield, and Lichtenberger, 1961]. These two sys-
tems emphasized procedural learning and, in contem-
porary terms, would be called “page turners.”

Developments in cognitive science and, in parallel,
artificial intelligence, led to intelligent computer-based
instruction. Sleeman and Brown [1982] chronicle the
development of many early intelligent instructional sys-
tems, starting with the pioneering work of Carbonell
[1970]. Rouse [1987] reviews a variety of specific
instructional systems developed and fielded in the
1980s, including the Generalized Maintenance Train-
ing System, Sophie, Simulation-Oriented Computer-
Based Instruction, and Steamer.

The late 1980s and early 1990s saw much greater
emphasis on the cognition of learning and expert per-
formance. A wealth of studies and systems emerged,
many of which are described in Polson and Richardson
[1988], Pstoka, Massey, and Mutter [1988], Burns,
Parlett, and Luckhardt [1991], and Regian and Schutte
[1992]. These edited collections chronicle the develop-
ment and evaluation of Intelligent Tutoring Systems,
particularly by the Air Force. The functional nature and
experiences fielding ITS are discussed below.

Current development emphasizes web-based deliv-
ery of instruction—termed “e-learning.” Pontin [2002]
discusses the e-learning market and the large amounts
lost by the players in this market, except for corpora-
tions and academia where higher prices have enabled
better offerings. He argues for “blended” classes that
employ both e-learning and human instruction. Such
blending, he asserts, will eventually result in e-learning
losing its unique identity and simply being an everyday
element of education.

3.3. Evaluation of Instruction

While computer-based instruction seems like an obvi-
ous idea, particularly in retrospect, there have been two
decades or more of research devoted to understanding
the impact of such instruction and how this impact is
achieved. Early initiatives include Suppes’ [1981] stud-
ies of computer-aided instruction at Stanford. Rouse
[1987] reviews the efforts to evaluate a range of early
instructional systems based on computer simulations
and/or artificial intelligence.

Of particular relevance to this article are the efforts
at Carnegie Mellon University (CMU) and the Air
Force Research Laboratory (AFRL) focused on devel-
opment, deployment, and evaluation of ITS in high
schools and military units. The experiences associated
with these two efforts were a primary focus of this
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study. The CMU and AFRL Intelligent Tutoring Sys-
tems incorporated several expert system-based ele-
ments:

e Rule-based models of expert performance in the
domain of interest, e.g., algebra or LISP program-
ming.

e Reasoning about the student’s current knowledge
state relative to the expert model’s state.

e Instructional interventions (e.g., feedback and
help) based on the path and nature of student’s
deviations from the expert’s state.

Anderson et al. [1995] have developed and evaluated
ITS based on their ACT theory of cognition. This has
included tutors for geometry, algebra, and the LISP
programming language. An impressive series of class-
room evaluations showed that the geometry tutor in-
creased average grades by 14 points (more than one
standard deviation), the algebra tutor yielded no im-
provement, and the LISP tutor resulted in faster per-
formance (30—64%) and higher scores (30—43%).

Anderson et al. [1995, p. 204] indicate, “The princi-
ple reason for enthusiasm for our tutors within the
Pittsburgh Public School System is motivational gains,
not achievement gains.” They also propose eight prin-
ciples for ITS:

e Represent student competence as a production
set.

e Communicate the goal structure underlying the
problem solving.

e Provide instruction in the problem-solving con-
text.

e Promote an abstract understanding of the prob-

lem-solving knowledge.

Minimize working memory load.

Provide immediate feedback on errors.

Adjust the grain size of instruction with learning.

Facilitate successive approximations to the target

skill.

Corbett, Koedinger, and Hadley [2001] chronicle the
deployment of Anderson’s tutors, indicating that, by
1999-2000, “about 15,000 students in about 150 U.S.
schools use the (algebra) tutor 1-2 days a week.” p. 1
Ongoing evaluations have shown that ITS improve
performance by roughly one standard deviation. This is
about half of what human tutors can achieve and two to
three times the impact of conventional computer-as-
sisted instruction. They also indicate that ITS transform
the teacher-student relationship, with the teacher be-
coming less a stand-up lecturer and more of a one-on-
one coach. This ongoing effort has been sufficiently

long-running to report that “[t]he total abandonment
rate over the past five years of approximately 4% is far
less than the textbook industry ‘churn’ rate of about
15%. p. 20

Roughly in parallel with Anderson et al. [1995], the
Air Force Research Laboratory has conducted an ambi-
tious ITS initiative involving development and evalu-
ation of a range of ITS. Twenty studies of the impact of
ITS for word problem solving and writing found aver-
age improvements of 29% and 26%, respectively [Tu-
torTek, 2001]. A representative study in this set is
Wheeler and Regian’s [1999] large-scale study involv-
ing 632 students and 20 teachers in 7 high schools in 3
states. Concrete and abstract reasoning scores for word
problem solving improved 31% and 20%, respectively,
with the ITS for word problem solving vs. 19% and
15% for the placebo (computer-based but no instruc-
tion) and 22% and 11% for the control group (tradi-
tional instruction).

The data on the impact of ITS are rather impressive.
Results of numerous independent studies conducted by
several independent investigators show substantial im-
provements for high school students learning algebra,
geometry, word problem solving, writing, and so on.
Fletcher [2001] summarizes this range of results with a
“rule of three thirds.” Use of ITS reduce costs by 1/3
AND reduce time by 1/3 OR increase achievement by
1/3. While this does not include the costs of developing
ITS, if these costs are spread across thousands of stu-
dents per year over several years, development cost per
student hour is not a major factor. A similar economic
argument underlies textbook publishing.

3.4. Military Adoption

As later data indicate, defense agencies—particularly
DARPA, AFOSR, and ONR—have invested very sub-
stantially in ITS. Numerous studies have documented
the returns on these investments in terms of proven
instructional capabilities and payoffs [Fletcher and
Rockaway, 1986; NRC, 1997; Fletcher, 1999, 2002].
However, there has been little, if any, deployment of ITS
in defense schools. Less than 2% of Department of
Defense (DoD) courses employ instructional technol-
ogy [Fletcher, 2001].

A variety of reasons have been suggested for this
lack of impact. A recurring comment is that the impact
of ITS on instructional staff is quite often in conflict
with traditional DoD instructional cultures. ITS can
enable reducing the number of instructors which may
be an unwanted result in some DoD organizations. ITS
work best when instructors act as coaches—*“guides on
the side rather than sages on the stage”—but this can be
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inconsistent with typical rank-oriented social structures
in the services.

Beyond these anecdotal explanations, the compli-
cated processes for technology deployment in DoD can
make adoption quite difficult for disruptive—as op-
posed to incremental—technologies. In an interview
study of senior S&T managers in the Air Force, Army,
and Navy, ITS were offered as a success story for the
Air Force and a failure story for the Navy [Rouse and
Boff, 1994]. The difference between success and failure
was primarily attributed to champions who were able
to circumvent typical organizational processes and
practices. We return to this observation when discussing
the results of the present study.

Despite these difficulties, it appears that DoD’s Ad-
vanced Distributed Learning initiative [DoD, 1999] will
be able to gain the benefits of several decades of invest-
ments in ITS. Computer and communications technolo-
gies are now much less expensive and much more
pervasive. Another factor in this emerging adoption
may be behavioral and social expectations that com-
puter-mediated instruction is of obvious value.

3.5. Impact of Changing Technology

An essential element of this brief history of ITS is the
backdrop of ongoing technological change. This dec-
ades-long story began with reliance on special purpose
computers, e.g., SAGE, and evolved to time-sharing,
minicomputers, workstations, microcomputers, and In-
ternet. In parallel, software evolved from Fortran pro-
grams compiled from cards to object-oriented
programming and agent-based systems in C++ and
Java.

These changes have enabled less expensive, more
powerful ITS. At the same time, however, these changes

have resulted in technology upgrades consuming a sig-
nificant portion of investment resources. Such upgrades
have often created support problems for the installed
base of legacy ITS. As the results of the following study
show, successfully consuming technological change
was an ongoing significant factor.

3.6. Interview Methodology

The foregoing provided the background for an inter-
view study of key stakeholders involved in the concep-
tualization, development, evaluation, and deployment
of ITS. The goal of this study was to identify the nature
of and relationships among the elements of the value
stream for ITS. Of particular interest was the extent to
which the value stream construct could provide insights
into how to manage value streams explicitly and, hope-
fully, better.

To infer the characteristics of each stage of a value
stream, one can begin at the end where the value has
been delivered (e.g., a solution fielded or deployed,
providing ongoing benefits) and work backwards to
identify activities associated with each stage, resources
and controls involved with these activities, and up-
stream users upon which the stage depended. One then
repeats the sleuthing with these upstream users becom-
ing the interviewees, i.e., the people performing the
activities associated with the earlier stage(s).

This type of sleuthing is best done via structured
interviews—unless the requisite information has been
fortuitously captured and archived as development,
evaluation, and deployment occurred. Such information
was not readily available for the ITS initiatives of
interest. Figures 1 and 2 provided the basis for the
structured set of interview questions shown in Figure 3.

1. What was your involvement and your organization's involvement in the process of creating Intelligent

Tutoring Systems?

2. What activities did you and your organization perform, and over what time periods did these

activities occur?

3. Who were the key stakeholders in this overall effort and how did they influence your involvement

and activities?

What requests, approvals, or other events affected your abilities to perform these activities?

What inputs did you need and what organizations and people did you depend on for these inputs?

4
5. What resources were required for these activities and from where did they come?
6
7

What delays did you experience in approvals, budgets, or necessary inputs, and what were the

impacts of these delays?

8. What changes did you experience in the course of this effort and how did you respond to these

changes?

9. How would you characterize the quality, productivity, and innovation of the value you and your

organization delivered?

10. What other insights can you provide to elaborate your answers thus far or perhaps touch on other

important issues?

Figure 3. Questions for structured interviews.
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These questions provided the overall framework for a
set of telephone interviews with key stakeholders.

Ten people were interviewed. Several of these peo-
ple are top researchers and opinion leaders in the ITS
field. It is important to note that this interview method-
ology did not focus on selecting a representative sample
of possible interviewees, perhaps randomly selected.
Instead, we first focused on key participants who could
provide multiple rich perspectives on issues and events
surrounding the emergence and maturation of ITS.
Later interviewees were other key participants identi-
fied by earlier interviewees. Rather than statistical
analysis, the goal was sleuthing out exactly what hap-
pened and obtaining complementary and, hopefully,
confirming views whenever possible. Care was also
taken to include people involved with the full spectrum
of the value stream, ranging from basic research to
applied research and deployment. The resulting demo-
graphics of the interviewees are summarized in the next
section.

All interviews were conducted via telephone. In a
few cases there were multiple conversations as later
interviewees raised issues and questions about which
earlier interviewees’ perceptions and opinions were
needed. Data were captured as handwritten interview
notes. These notes often included references to docu-
ments and websites that provided more in-depth docu-
mentation of studies and results.

Handwritten notes were compiled in a database with
fields for interviewees, questions, and responses. Re-
sponses were also classified in various content catego-
ries. The database was then sorted by these categories.
Viewing the spectrum of entries for a given category
enables refining the category label and, in some cases,
reclassifying responses. Such changes prompt resorting
of the database. This iterative process leads to better
defined categories and clearer discriminations and in-

terpretations. This overall approach yielded the results
and interpretations presented in the next section.

4. RESULTS

The first interview question concerned interviewees’
involvement in ITS. Overall, three interviewees had
been S&T sponsors, three served as academic re-
searchers, four worked as government researchers, and
two were high school teachers. Note that the total
exceeds ten because some interviewees had different
roles at different times, e.g., initially as an academic
researcher and subsequently as a government re-
searcher or sponsor.

The second question addressed the time period of
interviewees’ initial involvement and the nature of their
activities. This concerned the time period of the inter-
viewee’s initial involvement in the field, rather than that
of their organizations, at that time or currently. Two
people provided extensive histories of the field, starting
with their initial experiences in the 1960s and 1970s.
The other eight people mainly were knowledgeable of
their own involvement and their organizations in the
1980s and 1990s.

Interviewees’ activities during their initial involve-
ment in the ITS field included R&D (6 responses),
relationship development (5), negotiating budgets (5),
project management (6), and delivery of instruction (2).
Thus, all of the researchers reported significant involve-
ment in activities beyond R&D. They typically indi-
cated that a surprising amount of time was devoted to
these non-R&D activities, often not by choice but of
necessity. The level of commitment needed for these
non-R&D activities was often noted as unanticipated.

Figure 4 indicates interviewees’ perceptions of key
stakeholders. This represents their perceptions of which
stakeholders most affected their organization’s overall
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Figure 4. Key stakeholders in the overall ITS effort.
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ITS endeavor rather than being limited to the stakehold-
ers that most affected their own activities. This broad
set of stakeholders is of particular interest because their
relative importance changes for the results of later
questions.

It is useful to clarify the role of contractors in these
ITS efforts. The contractors were primarily on-site
R&D support contractors and small research compa-
nies. Unlike much DoD contracting, these efforts did
not involve soliciting bids from contractors to build
systems that meet specified requirements, and sub-
sequently contractors delivering the resulting system.
Thus, contractors were not as “key’” as would be typical
for traditional acquisition contracts.

The fourth question concerned central requests and
approvals throughout the ITS efforts. Overall, getting
money into the R&D process (i.e., from sponsors and
managers) and technology out of this process (i.e.,
adopted for deployment) were the primary approval-re-
lated issues. Requests and approvals for R&D funding
reflected four of the responses, while six included re-
quests and approvals for adoption agreements, equip-
ment transfers, budgets for deployment, and
organizational changes.

The fifth question addressed resources required and
sources. Almost all the money came from DARPA,
AFRL, AFOSR, ONR, and NSF. Three of the interview-
ees indicated $5million/year and four reported $5-10
million in total. This difference between $5M/year and
$5-10M reflects the difference between consuming
organizations, needing so much per year, and investing
organizations that were typically one of several inves-
tors over the life of the endeavor. People as resources
were indicated by four of interviewees as key resources
and money was seen as the means to this end.

Figure 5 summarizes the inputs needed throughout
the ITS initiatives. Once programs and budgets were
approved, management played much less an ongoing
role than indicated for the earlier “key stakeholders”
question—see Figure 4. Quite simply, management
inputs were seen to be much less important once re-
sources were committed. User organizations differed in
this regard in that ongoing support for deployment was
needed. While investors could “launch” a technology,
user organizations had to live with the technology.

Figure 6 provides a summary of the nature of delays
experienced throughout the ITS efforts with which in-
terviewees were involved. There were few delays due
to S&T issues. Instead, delays were primarily due to
management and administrative issues. Note that inter-
viewees interpreted delays as time unnecessarily lost.
Obviously, the R&D and deployment processes inher-
ently consumed substantial amounts of time. However,
this time was seen as all value added, while the delays
were seen as value neutral, at best.

The eighth question concerned changes experienced
throughout these ITS efforts. Four interviewees re-
ported that technology changed very substantially dur-
ing this extended time period, changing from being
expensive and often a constraint to being inexpensive
and more often an enabler. Technology upgrades were
difficult for the deployment sites (high schools) due to
budget constraints. Four interviewees indicated that the
tutors also changed significantly during the course of
this endeavor, mostly due to user feedback but also due
to technology changes. The changes of the tutors in-
cluded those due to fundamental insights into the nature
of instruction provided by the deployment data and
experience.
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Figure 5. Sources of inputs critical to the ITS initiative.
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Figure 6. Nature of delays experienced throughout ITS initiative.

The ninth question addressed interviewees’ percep-
tions of the quality, productivity, and innovation asso-
ciated with the ITS initiatives with which they were
associated. Interviewees rated the quality dimension of
the value delivered as good to very high relative to
typical products of R&D, as opposed to commercial
off-the-shelf software. Concerning perceptions of the
productivity dimension of the value delivered, some
interviewees perceive ITS as expensive relative to dol-
lars per instructional hour. Nevertheless, most per-
ceived the R&D efforts in this area as providing
significant “bang for the buck.” Relative to perceptions
of the innovation dimension associated with the value
delivered, most interviewees felt that the investment in
ITS did not have the impacts that were possible and
justified, particularly for military user organizations.
They tended to view this as an organizational and
cultural phenomena rather than a shortcoming of the
technology.

Note that it was not possible to address quality,
productivity, and innovation quantitatively in this study.
The several decades of efforts reported by interviewees
includes numerous studies and several different types
and generations of ITS. Consequently, we had to ask
interviewees about their perceptions across studies and
ITS.

The last question concerned other insights that inter-
viewees gained from their experiences with the ITS
initiatives. Five of the interviewees tended to perceive
that technology transfer is much more complicated,

time-consuming, and expensive than they had antici-
pated before this experience. Two argued for adopting
a much longer view to assure that technology transfer
plans are formulated, maintained, and executed. Three
interviewees commented on users wanting tutors rather
than tools for creating tutors, as well as the limited
nature of typical tutors today, e.g., just page turners,
lacking in abilities to generate, rather than just retrieve,
instruction.

Finally, it is useful to discuss why these results could
not be monetized, perhaps in terms of option values for
enabling technologies and system prototypes. These
ITS investments could certainly be framed as options
[Rouse, Boff, and Thomas, 1997]. However, data
needed for projected cost savings and actual invest-
ments were not available. It is quite possible that the
requisite data exist somewhere, but such data are not
readily identifiable and accessible.

5. S&T VALUE STREAM

Drawing upon the elements of Figures 4 and 5, the S&T
value stream inferred for the ITS case study is shown in
Figure 7. Note that value is created by upstream formu-
lation of investment portfolios as well as downstream
activities to deploy technologies—thus, research and
development were far from the sole sources of value.
Deciding what to do provides value and making sure
that value is deployed also provides value.
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Figure 7. Kernel of the S&T value stream for ITS.

The “kernel” depicted in Figure 7 repeated itself
many times throughout the “ITS story” outlined above.
Thus, an overall value stream, stretching across dec-
ades, could be created with specific initiatives noted in
the ovals of Figure 7. Such a depiction would emphasize
the ample opportunities for diminished value across
many sponsors, projects, and years, due to, for example,
delays of requests and approvals.

Note that “management” in Figure 7 often provides
both the controls and the resources. This does not
necessarily imply that the same decision makers have
purview over both controls and resources. Indeed, the
lack of this common purview often caused delays and
potentially diminished value.

e Management and Sponsors include for this case
study DARPA, AFOSR,! ONR and NSF.

e Management and Developers include AFRL and
support contractors for the Air Force initiatives;
the parallels for the CMU efforts were not as-
sessed.

e Management and End Users include high school
administrators and teachers; the parallels for mili-
tary end users were not available.

It is very important to note that essential elements of
the value stream in Figure 7 were non-DoD organiza-
tions, including both contractors and public high
schools. In our earlier case study of Cockpit Automat-
ion Technology [Rouse, Boff, and Thomas, 1997], there
were a large number of non-DoD organizations in the
value stream. We have found that value streams often
cross organizations and sectors of the economy.

A profound implication of the cross-organizational
nature of value streams is the inherent inability of any

I AFOSR is now part of AFRL. During the time that most of
this S&T was pursued, AFOSR was independent. Further, AFRL was
not yet formed and AFHRL (Air Force Human Resources Laboratory)
was the name of the organization pursuing the ITS initiative.

one organization to be “in charge” of a value stream.
Seldom is “command and control” management effec-
tive for entire value streams. Instead, primary attention
must be given to alignment of motivations and incen-
tives across participants. This is needed to assure that it
is in the best interests of the full spectrum of participants
to contribute value as needed.

Considering the foregoing empirical results in the
context of the model in Figure 7, time-consuming re-
quests and approvals usually involved management de-
cision making associated with controls and resources.
Interviewees often perceived that the time required for
decisions was unnecessarily extended. Interestingly,
this was not perceived to undermine value—in terms of
quality, productivity, or innovation—but simply de-
layed delivering value.

In contrast, the time and other resources devoted to
negotiating and executing plans for deploying ITS—
the right-most third of Figure 7—was perceived as
impacting productivity, often taking large portions of
the attention of key personnel. This was due in part to
not having realized in advance the time consuming
nature of such activities. Another factor was the back-
drop of frequently advancing technology. A few inter-
viewees noted that the installed base of legacy I'TS made
it difficult to deploy the latest innovations.

The overall results of this case study can be summa-
rized as follows. First, considering the breadth of the
time period and activities covered, it is difficult to
conclude that any particular effort did or did not provide
high value. In contrast, the overall process took much
too long to yield much too little for DoD. Thus, the
efficiency and effectiveness of value creation was un-
dermined by deficiencies in the explicit management of
the value creation process. In particular, upstream port-
folio creation and management seemed to work fairly
well, while downstream management of deployment
encountered several difficulties.

Specifically, significant time was consumed by de-
lays in approvals of programs, budgets, and equipment.
Deficient yield was due to technology acceptance prob-
lems with DoD end users. A second-order but neverthe-
less very significant factor, due in part to the extra time,
was the effects of technology evolution. Dealing with
this ongoing evolution consumed resources and more
time. This additional loss of time can perhaps be viewed
as a third-order effect.

This value creation case study can also be viewed in
terms of the options created by the investments. Most
of the early R&D did not create deployable systems.
Instead, these efforts demonstrated that certain capa-
bilities were feasible and showed how to make them
work. Thus, they created technology options in the form
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of knowledge and competencies more than prototypes
and patents.

Some of the work in the middle years—the Navy’s
efforts—ran into acceptance problems and options
were not exercised. The Air Force exercised the tech-
nology options created by the Navy [Rouse and Boff,
1994], also encountering acceptance problems, but
moving instead to high schools. In addition, these op-
tions were also exercised by NSF via Anderson’s de-
ployment of tutors in high schools [Anderson et al.,
1995].

Most recently, the ADL program is exercising op-
tions created by these several streams of R&D, as well
as deployment experiences. Were we to consider the
time value of money, e.g., discounted cash flows, due
to DoD’s very much delayed exercising of these op-
tions, the option value back in the 1960s—for options
to be exercised in the 2000s—would be quite low.
However, net option value might still be positive, given
productivity changes over the past 40 years.

An interesting element of this public-sector case
study is that the I'TS technology options could, in effect,
be given away but still retained. In other words, the Air
Force, Navy, NSF etc. can all exercise the same options.
In fact, those exercising the options early may improve
the option value for those exercising options later—by
creating more capable technologies that enable greater
savings and, hence, larger cash flows in the option
pricing calculations.

It is useful to compare Figure 7 to the “standard”
R&D model, which typically assumes natural evolution
from basic research to exploratory development to ad-
vanced development. Within DoD, these stages are
termed 6.1, 6.2, and 6.3, with reference to budget cate-
gories. From Figure 7 it can be seen that this evolution
is only “natural” to the extent that decisions regarding
controls and resources are well planned and coordi-
nated.

Inadequate planning and coordination can result in
“time to decision” and “time to deployment” dominat-
ing overall “time to market.” In other words, the actual
time devoted to R&D can be a surprisingly small por-
tion of the overall calendar time from initial concept to
deployed capabilities. Certainly, this case study of ITS
over the past 40+ years illustrates how long it can take
for original investors—in this case, DoD—to see the
benefits of their investments.

On the other hand, high school students have been
benefiting from the resulting ITS for almost 20 years.
In search of large populations for evaluating ITS, high
school populations were attractive to the research com-
munity—and the somewhat unexpected primary bene-
ficiaries of the investments in ITS. Of course, the
possibility of unexpected beneficiaries receiving the

greatest benefits has been quite common in S&T for
many centuries [Burke, 1996].

6. OVERALL VALUE CREATION MODEL

As indicated in the explanation of Figure 7, this depic-
tion represents a kernel that repeats many times in an
overall S&T value stream. It repeats in part because of
there being multiple investments, projects, and deploy-
ments over the many years typically associated with the
value stream for a particular technology and/or capabil-
ity. It also repeats because enabling technologies con-
tinue to evolve, most notably in recent years via
frequent new generations of information technology.

These observations, in conjunction with lessons
learned from many of our aforementioned studies, sug-
gest a generalization of Figure 7 in terms of the overall
model of value creation S&T shown in Figure 8. Note
that to simplify this depiction, arrows between stages
indicate the flow of value content, controls, and/or
resources. Also note that both within and across genera-
tion flows are of interest.

The nature of the value flows is quite multi-faceted.
The flow from investment to R&D includes money,
motivation, encouragement, and community. Thus,
sponsors do much more than simply write checks. They
attract talent and build intellectual communities that
foster creation of knowledge and competencies.

The flow from R&D to deployment includes tech-
nology, money, and people. Technology options can be
in the form of prototypes, proofs of concepts, patents,
or licenses. People embody knowledge and competen-
cies that provide options also. Other studies have shown
that such people-based options can fade in value when
teams are dispersed because deployment does not dove-
tail with R&D [Ballhaus, 2000].

The flow from investment in one time period to
investment in a later time period hopefully includes
lessons learned about creating and managing balanced
portfolios. The flow from R&D in one time period to
the next includes knowledge, people, and community.
Finally, the flow from deployment in one time period
to the next includes best practices and people. In these
ways, the value creation process moves beyond any
particular generation of technology.

This value creation model can be described more
formally as follows:

e The flow of value is a stochastic process in terms
of content, money, time, and ultimate success.

e Processes generate content and consume money
and time, all of which are random variables.
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Figure 8. Overall model of S&T value creation.

e Success in process stage N results in transition to
process stage N + 1; transitions from process
stage N(f) to N(t + 1) are also possible.

e Transitions, i.e., successes, are uncertain and, in
finite time, may not occur, potentially resulting in
lost investments.

e A new S&T generation may preempt the current
generation, resulting in termination of that gen-
eration’s processes.

e Lessons learned, fundamental knowledge, and
best practices may transition from one generation
to the next generation.

Translation of these premises into an operational
model is beyond the scope of this article. However,
simple observation of Figure 8 in conjunction with
these premises suggests several implications and hy-
potheses. Evaluation of these hypotheses will involve
both this model and continuing empirical assessments.

To the extent that the time between S&T generations
is less than the duration of value streams within genera-
tions, the probability of successful deployment will
decrease. Variability of interarrival times and/or dura-
tions provide opportunities for successes to “slip
through” despite mismatched means. In other words,
while structural mismatches may mitigate against suc-
cess, occasional successes will happen, perhaps leading
to misperceptions that a best practice has been found.

It is also quite possible for new systems to be de-
ployed with old technologies—those from older S&T
generations. This occurs with military systems quite
frequently. It happens much less often for computers
and communications systems, for instance. When this
does happen, value degrades due to lost innovation.
Such losses of value, for this reason and others, can be
incorporated into the model in Figure 8.

To the extent that knowledge transitions from one
generation to the next, durations of value streams will
decrease and probability of successful deployment in-
crease. Difficulties due to mismatches between the
characteristics of S&T generations and value streams
can be alleviated by accelerating value streams via
organizational learning. In the absence of such learning,
success rates will be difficult to improve.

To the extent that management practices decrease
time wasted in value streams, durations of value streams
will decrease and probability of successful deployment
increase. Decreasing “time to decision,” as well as
coordinating investment and deployment decisions
should decrease both the mean and variance of the
duration of value streams. This should increase the yield
of successes.

Asindicated earlier, full evaluation of these hypothe-
ses will be conducted using the aforementioned model
as well as selected empirical results. We certainly ex-
pect a range of new insights to emerge in this process.
Our overarching sense is that the structural properties
of S&T value streams strongly impact the returns on
investments. Champions, motivation, leadership, and
related phenomena undoubtedly are also important fac-
tors. However, structural characteristics—that is, the
“S&T system”—may limit the leverage gained from
such factors.

It is useful to return to our earlier observation of how
champions can be deciding factors in transitioning tech-
nologies to use [Rouse and Boff, 1994]. Despite their
significant value, champions and leaders cannot com-
pletely eliminate all adverse effects of system structure.
If this were true, system structure would not matter
because champions and leaders would always assure
the best results regardless of inhibiting structural con-
straints. However, value creation is not “simply” a
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matter of good intentions and hard work. System design
does matter.

Indeed, we see the concepts and methods described
here as providing an initial basis for redesigning value
streams and overall organizations. The notions of value
flow through multiple stages, different types of “users”
at each stage, and options being created upstream for
possible exercising downstream are central to address-
ing such redesign efforts. Appropriate support mecha-
nisms at each stage and across stages are essential to
realizing the benefits of redesign.

Once the proposed model is elaborated and validated
against a range of empirically derived phenomena, it
should prove quite useful for conducting a range of
tradeoff analyses involving risks, resources, and time.
One of the tradeoffs of interest concerns how many
investments are initiated, as well as the stage-gate pa-
rameters that are used to weed out expected losers.
Backing only one idea is very risky unless, of course,
you happen to be right. Backing too many ideas results
in spreading resources too thinly.

Another tradeoff involves balancing under-funding
that results in no viable options vs. overfunding that
results in options with negative net values. The optimal
investment level depends on the uncertainties involved
and, of course, possible returns. This type of analysis
can enable “backcasting” of R&D investment levels
[Rouse, 2001].

Other types of tradeoffs involve time. As indicated
above, arrivals of new S&T generations result in field-
ing lower value solutions, at least in terms of innova-
tion. Consequently, it makes sense to invest a portion of
the resources in speeding up R&D processes. A key
question is what portion of R&D resources should be
spent on improving these processes rather than on pri-
mary R&D.

7. CONCLUSIONS

In our earlier article, organizational value strategies
were conceptualized in terms of three dimensions: qual-
ity, productivity, and innovation. Focusing on research
and development (R&D) organizations, we considered
how to align technology value strategies with overall
enterprise value strategies. We also elaborated the
change management issues of central import to success-
ful implementation of value strategies.

This article has expanded the purview of R&D by
considering it in the wider context of science and tech-
nology (S&T ). This expansion involves consideration
of the broad community of investors, sponsors, investi-
gators, adopters, and end-users. This wide range of
stakeholders adds value in a variety of ways, resulting
in what are termed value streams.

We have focused in this article on elaborating and
formalizing S&T value streams. This formulation was
evaluated in the context of a case study of computer-
based intelligent tutoring systems. The value streams
identified in this context spanned several decades of
S&T investments, R&D in numerous organizations,
and deployments in a variety of school settings.

Insights gained from this case study enabled propos-
ing a general model of value creation in S&T , involving
a range of formal assertions about the structural char-
acteristics of the S&T system. The phenomena embod-
ied in this model suggested several central hypotheses.
Model-based and empirical approaches to evaluating
these hypotheses were outlined.

An obvious question regarding our conclusions con-
cerns the extent to which they are premised on one,
possibly idiosyncratic, case study. Fortunately, our ear-
lier case study of Cockpit Automation Technology
(CAT) also provides ample evidence of the phenomena
identified in the ITS case study [Rouse, Boff, and
Thomas, 1997]. In particular, the Air Force’s invest-
ments in CAT resulted in substantial payoffs in direc-
tions other than originally intended.

CAT also involved continued reinvestments in new
generations of technologies, which profoundly affected
the productivity of the initiative. Deployment of CAT
also suffered from lack of coordination of decisions
regarding investments and deployment. On the other
hand, CAT fostered many spin-off ideas and competen-
cies independent of the particular cockpit design envi-
ronment created. Unlike ITS, the range of impact
sought with CAT was quite focused.

The value of S&T is in its impact relative to required
investments. S&T value streams create technology op-
tions in the form of knowledge, competencies, proto-
types, patents, etc. The overall enterprise needs the
people and options yielded by these investments to
enable alternative futures while also improving the
efficiency and effectiveness of current products and
processes.

By formalizing the notion of value streams, we can
gain understanding of how to better manage them. This
includes both improving the characteristics within each
generation and assuring organizational learning across
generations. This should result in continually increas-
ing the value created by S&T relative to the investments
required.
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